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TO AN A I R  STREAM 
By Edmund E. Callaghan and Robert S. Ruggeri 
SUMMARY 
An experimental investigation was conducted t o  determine the tem- 
perature prof i le  downstream of a heated-air j e t  directed perpendicularla 
t o  an a i r  stream. The prof i les  were determined a t  several posit ions 
downstream of the j e t  as  Functions of j e t  density, j e t  velocity, f ree-  
stream density, free-stream velocity, j e t  temperature, and o r i f i ce  flow 
coefficient.  
A method i s  presented which yields a good approximation of the tem- 
perature prof i le  i n  terms of dimensionless parameters of the flow and 
geometric conditions. 
INTRODUCTION 
The heating of an a i r  stream by means of an a i r  j e t  directed per- 
pendicularly t o  the a i r  stream i s  reported i n  references 1 and 2. These 
investigations were conducted t o  determine the penetration of a j e t  i n to  
the a i r  stream a t  various downstream positions as  a function of the j e t  
and stream-flow conditions and of the s ize  and shape of the or i f ices  
from which the  j e t  issued. The prac t ica l  application of such a heating 
system requires a knowledge of the  temperature prof i le  a t  any point 
downstream of the  or i f ice  as well a s  the penetration of the  j e t  i n to  
the a i r  stream. 
An investigation was therefore conducted i n  a 2- by 20-inch tunnel 
a t  the NACA Lewis laboratory t o  determine the temperature prof i le  i n  
the plane of a j e t  a t  several positions downstream of a j e t  directed 
perpendicularly t o  an a i r  stream. Four heated a i r  j e t s  were invest i -  
gated fo r  a range of free-stream veloci t ies ,  j e t  t o t a l  temperatures, 
and j e t  t o t a l  pressures. 
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APPARATUS AND PROCEDURE 
The o r i f i c e s  used i n  the  invest igat ion were c i rcu la r  th in-pla te  
o r i f i c e s  with diameters of 0.250, 0.385, 0.500, and 0.625 inch. Each 
o r i f i c e  w a s  invest igated over a range of pressure r a t i o s  ( r a t i o  of j e t  
t o t a l  pressure t o  ou t l e t  s t a t i c  pressure) from 1.20 t o  3.70 f o r  j e t  
t o t a l  temperatures of approximately 200°, 300°, and 400' F a t  f ree -  
stream ve loc i t i e s  of 160, 275, and 390 f e e t  per second. A i r  f o r  t h e  
j e t s  was obtained by passing high-pressure air through an e l e c t r i c  
heater  and i n t o  a plenum chamber, t he  upper wal l  of which contained t he  
o r i f i c e s  a s  shown i n  f igure  1. 
The temperature p ro f i l e s  were measured a t  th ree  posi t ions  down- 
stream of t he  o r i f i c e  center l i n e  by means of thermocouple rakes. A 
rake consis t ing of 22 thermocouple probes spaced 0.500 inch apar t  was 
permanently mounted a t  t he  rearmost posi t ion (20.31 i n . )  downstream of 
t he  o r i f i c e  center l i n e .  A moveable rake consist ing of 33 thermocouple 
probes spaced 0.250 inch apar t  was used t o  measure t he  temperature pro- 
f i l e s  a t  s t a t i ons  4.81 and l l . 8 1  inches downstream of t he  o r i f i c e  center 
l i n e .  
The tunnel boundary layer  was removed by suction upstream of the  
o r i f i c e  t o  minimize tunnel-wall boundary-layer e f fec t s .  (see  f i g .  1 . )  
SYMBOLS 
The following symbols a r e  used i n  t h i s  report :  
a ,b  exponents f o r  cor re la t ing  XI 
d,e,f exponents f o r  corre la t ing X2 
C flow coeff ic ient ,  dimensionless 
D j diameter of o r i f i c e ,  inches 
2 depth of j e t  penetrat ion i n to  a i r  stream a s  defined i n  
reference 1, inches 
ML slope of lower port ion of temperature p r o f i l e  curve, inches 
per OF 
Mu slope of upper port ion of temperature p r o f i l e  curve, inches 
per 9 
s distance downstream of o r i f i c e  center l i n e  or mixing dis- 
tance, inches 
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Tj t o t a l  temperature of j e t ,  OR 
To t o t a l  temperature of f r e e  stream, OR 
AT total-temperature r i s e  above free-stream t o t a l  temperature 
measured a t  any point  X f o r  given temperature p ro f i l e ,  
OF 
4 maximum total-temperature r i s e  above free-stream t o t a l  tem- 
perature,  ?ti' 
veloci ty  of j e t  a t  vena contracta,  f e e t  per second 
vo veloci ty  of f r e e  stream, f e e t  per  second 
w width of j e t  boundary a t  any point  downstream of o r i f i c e  
center l i n e ,  inches 
X distance normal t o  surface of model, inches 
x1 depth of j e t  penetrat ion i n t o  a i r  stream as determined by 
in te r sec t ion  of l i n e  of slope Mu with value of AT = 0, 
inches 
x2 value of X as determined by t he  in te r sec t ion  of l i n e  of 
slope ML with value of AT = ATrn, inches 
rn OL a r c  t an  of ML 
OU a r c  t an  of % 
-. 
Pj v i scos i ty  of j e t  a t  vena contracta, s lugs per foot-second 
Po v i scos i ty  of f r e e  stream, slugs per  foot-second 
mass density of j e t  a t  vena contracta,  s lugs per cubic foo t  
Po  mass density of f r e e  stream, slugs per cubic foo t  
% . . . Cp4 corre la t ion parameters 
METHOD OF ANALYSIS 
The dimensional analysis  and experimental r e s u l t s  of reference 1 
indicate  t h a t  t h e  penetrat ion coeff ic ient  Z / D ~  can be corre la ted i n  
terms of t he  j e t  Reynolds number p - V . D . / p  t he  v i scos i ty  r a t i o  J J J  J J  
, t h e  density r a t i o  Pj/PO, the  ve loc i ty  r a t i o  vJ/vO, the  
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mixing distance t o  diameter r a t i o  s / D ~ ,  and a  width coef f ic ien t  
w/Dj. Although the  parameters a r e  i n  most cases s e l f  explanatory, the  
width coef f ic ien t  can have two s ign i f ican t ly  d i f fe ren t  meanings. I f  the  
j e t  i s  confined by the  tunnel walls  ( a s  i n  reference 1 and i n  t h i s  
r epo r t ) ,  the  width coeff ic ient  i s  a  function of the  tunnel dimensions. 
I f  t he  j e t  i s  unconfined, t he  width coef f ic ien t  depends on the  ac tua l  
j e t  width a t  t he  point  of i n t e r e s t  and i s  independent of t he  tunnel 
dimensions. A discussion of the  proper use of t he  width coef f ic ien t  i s  
presented i n  the  section "Extrapolation of Results t o  Wider Range of 
Variables . " 
The r e s u l t s  of reference 2 show t h a t  the  small e f f ec t  of j e t  Rey- 
nolds number i s  eliminated i f  the  ac tua l  o r i f i c e  diameter Dj i s  
replaced by t h e  e f fec t ive  o r i f i c e  diameter JGD I n  the  ana lys i s  data,  j 
it i s  sometimes more desirable t o  use the  r a t i o  s/@Dj r a the r  than 
s/Dj. In order t o  d i f f e r en t i a t e  between them, s/Dj i s  defined a s  t he  
mixing distance t o  diameter r a t i o  and s/flDj a s  the  r a t i o  of the  mix- 
ing distance t o  e f fec t ive  diameter. 
The purpose of the  analysis  presented herein was t o  ob$ain a  method 
by which the  temperature p r o f i l e  downstream of a  heated-air j e t  d i rected 
perpendicularly t o  an a i r  stream may be predicted i f  the  flow parameters 
and geometry a r e  known. 
I n  an over-all  study of the  p r o f i l e  data,  ce r ta in  consis tent  char- 
a c t e r i s t i c s  of t h e  p r o f i l e s  t h a t  suggested a simplif ied means f o r  cor- 
r e l a t i n g  t he  data  were observed. These charac te r i s t i cs  were noted i n  
t he  study of t he  p ro f i l e s  a t  jet-pressure r a t i o s  greater  than choking 
f o r  a  pa r t i cu l a r  o r i f i c e  diameter, rake posit ion,  free-stream velocity,  
and j e t  t o t a l  temperature. A s e t  of t yp i ca l  p ro f i l e s  i s  shown i n  f i g -  
u re  2(a) .  It i s  evident from the  f igure  t h a t  the  p ro f i l e s  a r e  qui te  
similar ,  t he  upper and lower port ions consist ing of approximately l i n e a r  
segments t h a t  remain p a r a l l e l  f o r  the  values of jet-pressure r a t i o  
shown. For a pa r t i cu l a r  value of o r i f i c e  diameter, rake posi t ion,  f r ee -  
stream veloci ty ,  and j e t  t o t a l  temperature, the  maxim temperature r i s e  
decreased s l i g h t l y  with decreasing jet-pressure r a t i o .  A study of t he  
p ro f i l e s  f o r  other diameters, rake s ta t ions ,  and free-stream ve loc i t i e s  
showed the  same charac te r i s t i cs  f o r  jet-pressure r a t i o s  g rea te r  than 
1.87. It was therefore  decided t o  approximate t h e  p r o f i l e s  with th ree  
s t r a igh t  l i n e s  a s  shown i n  f igure  2(b); and because the  upper and lower 
slopes of t h e  temperature p ro f i l e s  a r e  independent of pressure r a t i o  f o r  
values greater  than choking, the  analysis  was l imi ted  t o  jet-pressure 
r a t i o s  greater  than 1.87. 
The height of in te r sec t ion  of  the  upper slope ( f i g .  2 (b ) )  with t he  
free-stream temperature i s  defined a s  t he  depth of penetrat ion X 1 .  
This def in i t ion  d i f f e r s  from t h a t  i n  reference 1 wherein t h e  depth of 
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penetrat ion 2 was defined a s  t he  point  a t  which t he  temperature pro- 
w f i l e  re tu rns  t o  lo above t he  free-stream t o t a l  temperature. A s  a con- 
sequence, t he  penetrat ion a s  defined i n  reference 1 i s  s l i g h t l y  greater  
than t h a t  presented i n  t h i s  repor t .  The he igh t  of in te r sec t ion  of the  
lower slope with the  maxirm temperature r i s e  i s  defined a s  X2, t he  
maximum temperature r i s e  ATm and t he  slopes of t he  upper and lower 
port ion of t he  p r o f i l e  curve MU and ML, respectively.  
N 
N 
N The depth of penetrat ion m y  be corre la ted i n  terms of t h e  dimen- 
P s ionless  penetrat ion coeff ic ient  and the  parameters previously s ta ted.  
The slopes and t he  maximum temperature r i s e  may be corre la ted by similar 
means provided t h a t  they a r e  expressed i n  dimensionless form. This 
corre la t ion requires  t he  introduction of a temperature i n t o  the  dimen- 
s iona l  analysis  a s  another variable.  Because both  t he  slope and the  
temperature r i s e  a r e  based on temperature differences,  a temperature d i f -  
ference would apparently be s t  f u l f i l l  t h i s  requirement. The only tem- 
peratures involved i n  the  invest igat ion a r e  t he  stream temperature and 
t h e  j e t  temperature; therefore  the  temperature difference T.-TO was 
J included a s  the  addi t ional  variable.  The use of t h i s  temperature d i f -  
ference r e s u l t s  i n  slope coef f ic ien t s  M ~ ( T ~  - ~ ) / D ~  and M ~ ( T ~  - ~ ) / D ~  
and a temperature r i s e  coef f ic ien t  A T ~ ( T ~ - T ~ ) ,  which a r e  functions 
of t he  same dimensionless parameters a s  t he  penetrat ion coef f ic ien t .  
The procedure f o r  corre la t ion used i n  t h i s  invest igat ion i s  similar 
t o  t h a t  previously described i n  references 1 and 2. The parameters and 
t h e  flow coef f ic ien t s  were calculated by t he  method presented i n  r e f e r -  
- ence 3. The corre la t ion of data by means of parameters obtained from a 
dimensional analysis  usual ly  requires  t h a t  all but one of t h e  parameters 
be held constant, and by t h i s  means t he  e f f ec t  of i t s  var ia t ion  on a 
-. coeff ic ient  may be studied. 
RESULTS AND DISCUSSION 
Correlation of Penetration Coefficient X~/GD with 
Dimensionless Parameters 
The var ia t ion  of t he  penetrat ion coeff ic ient  x1/flDj with density 
r a t i o  was investigated f o r  a s ingle  o r i f i c e  diameter, rake posit ion,  
free-stream velocity,  and j e t  t o t a l  temperature. Because t h e  j e t  pres- 
sure r a t i o  was always greater  than t he  choking value and t h e  j e t  t o t a l  
. temperature was held constant, the  j e t  veloci ty  remained constant. A l l  
parameters, both flow and geometric, were therefore  invariable with the  
exception of the  density r a t i o .  
- 
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The variation of penetration coefficient with density r a t i o  fo r  the 
0.385-inch-diameter or i f ice  a t  the 4.81-inch rake posit ion i s  shown i n  - 
figure 3 for  a j e t  t o t a l  temperature of 860' R and three velocity rat ios .  
The re la t ion  of the penetration coefficient t o  the density r a t i o  may be 
determined and algebraically expressed by a method similar t o  tha t  used 
i n  reference 1 as follows: 
where i s  a known constant dependent on the velocity r a t io .  The 
variation of cP1 with velocity r a t i o  i s  then plot ted as shown i n  f i g -  
ure 4, and again the algebraic relat ion i s  determined. For these data 
3 can be expressed as 
The penetration coefficient can therefore be l inear ly  correlated 
a t  the par t icular  value of rake station, diameter, and j e t  t o t a l  tem- 
perature used by means of the expression (p /p ) J 0 0*57 ( V ~ / V ~ ) O * ~ ~ .  
The same procedure i s  then employed fo r  correlation of the penetration 
coefficient with densitj. r a t i o  and velocity r a t i o  wi th  the same orifice 
diameter a t  the other rake positions. 
A s  a r e su l t  of these correlations, it was found tha t  the penetra- 
t ion  coefficient could be correlated by an expression having the same 
exponents for  a l l  three rake positions (constant values of s/Dj) as  
shown i n  figure 5. The curve obtained f o r  each rake posit ion shows the 
effect  that the mixing distance t o  diameter r a t i o  has on the  penetration 
coefficient; i t s  effect  i s  determined by plot t ing the slopes of the 
l ines  as functions of the mixing distance t o  diameter r a t i o  ( f ig .  6) and 
expressing the relat ion as  follows: 
If V2 is then substituted i n  equation ( z ) ,  all the data f o r  the 
0.385-inch-diameter or i f ice  and a j e t  t o t a l  temperature of 860' R can 
be correlated using the expression 
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A f'urther refinement of t h i s  parameter, which r e s u l t s  i n  b e t t e r  correla-  
-, t i o n  of t he  data, was achieved by t he  subst i tu t ion of the  e f f ec t i ve  dia-  
meter @D f o r  t he  ac tua l  diameter D The f i n a l  parameter f o r  the  j j 
0.385-inch-diameter o r i f i c e  a t  a j e t  t o t a l  temperature of 860° R 
( f i g .  7 )  i s  therefore  
The data f o r  the  otHer o r i f i c e  diameters were corre la ted by t he  
foregoing procedure and s imilar  corre la t ion parameters resul ted.  The 
value of t he  exponents of the  density r a t i o  and t he  ve loc i ty  r a t i o ,  how- 
ever, decreased with decreasing diameter indicat ing an e f f ec t  of width 
coef f ic ien t  w / D ~ .  The var ia t ion  of these  exponents with t h e  width 
coeff ic ient  ( f i g .  8 )  indicates  t h a t  t he  exponents become asymptotic t o  a 
f i n i t e  value f o r  high width coeff ic ients .  The exponent of t h e  r a t i o  of 
t he  mixing distance t o  t he  e f fec t ive  diameter s/@Dj was found t o  be 
a constant f o r  a l l  diameters. 
The corre la t ion of t he  data obtained a t  various diameters may be 
accomplished by p lo t t i ng  t he  penetrat ion coeff ic ient  a s  a function of 
t he  parameter ( pj/po) a ( v ~ / v ~ ) ~ ,  ( S / @ D ~ ) ~ *  26 ( f i g .  7 )  and using the  
pa r t i cu l a r  exponents t h a t  apply. The four l i n e s  obtained represent t he  
various width coef f ic ien t s  and fu r the r  corre la t ion i s  obtained by p lo t -  
t i n g  t he  slopes of these  l i n e s  CP3 a s  a function of t h e  width coeff i -  - 
c ien t  a s  shown i n  f igure  9 f o r  a j e t  t o t a l  temperature of 860' R. 
Y It i s  evident t h a t  t he  corre la t ion parameter cP3 increases with 
increasing width coeff ic ient  and t ha t  it becomes asymtotic t o  a f i n i t e  
value of cp3 a t  t he  higher width coeff ic ients .  Therefore, cannot 
be r ead i l y  expressed a s  a simple power function. The same r e s u l t  can be 
obtained by use of t he  curve p lo t ted  f o r  T ~ / T ~  = 1.63 i n  f igure  9. 
The over-all  parameter f o r  f i n a l  corre la t ion of a l l  o r i f i c e  diameters a t  
a l l  rake s t a t i ons  investigated and one j e t  t o t a l  temperature i s  
1 
which r e s u l t s  i n  a l i n e a r  var ia t ion  with penetrat ion coeff ic ient  a s  
shown i n  f igure  10. 
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A s imilar  analysis  of the  other j e t  temperatures yielded t h e  iden- 
t i c a l  r e l a t i ons  f o r  t h e  exponents of density r a t i o ,  ve loc i ty  r a t i o ,  and 
r a t i o  of mixing distance t o  e f fec t ive  diameter. The term CP3, however, 
was s l i g h t l y  affected by j e t  t o t a l  temperature ( f ig .  9 )  and t h e  th ree  
curves of Cp3 given a s  functions of width coef f ic ien t  obtained f o r  t he  
th ree  temperatures show t h a t  CP3 d.ecreases s l i g h t l y  with decreasing j e t  
t o t a l  temperature. This var ia t ion  of V3 with j e t  t o t a l  temperature 
10 
ind ica tes  t h a t  t he  previously neglected v i  scosi ty-ra t io  parameter p j/vo N 
has a small e f fec t .  For t he  range of temperatures investigated,  t h e  
P 
viscos i ty  of air i s  proportional  t o  a power of t h e  absolute temperature. 
The v i scos i ty  r a t i o  i s  therefore  equal t o  t h e  temperature r a t i o  T , ~ / T ~  
- 
t o  a power and f o r  convenience t he  curves a r e  i den t i f i ed  by t he  tempera- 
t u r e  r a t i o  TJ/TO i n  f igure  10. When t h e  values of Cp3 shown i n  f i g -  
ure  9 and t he  same exponents f o r  t he  remaining parameters a r e  used, t h e  
same f i n a l  corre la t ion curve shown i n  f igure  10 i s  obtained f o r  t h e  
other two j e t  temperatures. 
Correlation of Penetrat ion Coefficient X ~ / @ D ~  
The penetrat ion coeff ic ient  x ~ / @ D ~  was corre la ted with t h e  
parameters by means of the  previously described method. The f i n a l  cor- 
r e l a t i on  parameter 
was obtained a s  a r e s u l t  of t h i s  corre la t ion.  The exponent d of t he  
density r a t i o  was found t o  be a function of t h e  mixing distance t o  dia-  
meter r a t i o  f o r  constant values of width coeff ic ient  a s  shown i n  f i g -  
ure 11. The veloci ty-ra t io  exponent e varied only as a function of 
the  width coeff ic ient  a s  shown i n  f igure  12. The exponent f  of t he  
r a t i o  of the  mixing distance t o  e f fec t ive  diameter and t h e  term V4 
shown i n  f igures  13 and 14, respectively,  a r e  functions of t h e  width 
coeff ic ient  f o r  constant values of the  temperature r a t i o .  
The corre la t ion curve of penetrat ion coef f ic ien t  a s  a function of 
the  f i n a l  parameter i s  shown i n  f igure  15. Much of the  s c a t t e r  i n  f i g -  
ure  1 6  r e s u l t s  from the  d i f f i c u l t y  i n  determining X2 from the  tem- 
perature p rof i l es ,  pa r t i cu l a r l y  f o r  t he  small-diameter j e t s  a t  t he  
middle and rearmost rake posit ions.  I n  most instances,  the  ac tua l  
values of X2 a r e  so small ( 1  in . )  t h a t  small difference i n  reading t he  
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temperature and f a i r i n g  t he  p ro f i l e s  resu l ted  i n  e r ro r s  a s  high a s  
A 20 percent i n  X2. Several s e t s  of data  were taken under t h e  same con- 
d i t i ons  t o  determine t he  reproducibi l i ty  of t h e  data. Although the  pro- 
f i l e s  were s imilar ,  pa r t i cu l a r l y  i n  t h e  upper region ( M ~  and x ~ ) ,  
the  values of X2 var ied about 10  percent because of t h e  i n s t a b i l i t y  of 
t he  j e t  i n  t he  lower region. Although these e r ro r s  in X2 a r e  l a rge  
percentagewise, t h e  ac tua l  e r ro r  i n  t he  over-all  p r o f i l e  should not pre- 
clude i t s  p r ac t i c a l  usefulness. 
Correlation of Slope Coefficients 
In previous discussion of the  p r o f i l e  charac te r i s t i cs ,  it was 
noted t h a t  t h e  upper and lower slopes of t he  p r o f i l e s  were independent 
of jet-pressure r a t i o  f o r  pressure r a t i o s  greater  than 1.87. The slopes 
a r e  therefore  independent of density r a t i o ,  and i t s  e f f ec t  need not be 
considered i n  the  analysis .  In addition, because t h e  j e t s  a r e  choked, 
t he  j e t  veloci ty  i s  constant f o r  a given j e t  t o t a l  temperature and, 
hence, the  veloci ty  r a t i o  i s  constant f o r  a pa r t i cu l a r  tunnel  velocity.  
All t he  data obtained a t  one rake s t a t i o n  f o r  a s ingle  j e t  diameter, j e t  
t o t a l  temperature, and free-stream veloci ty  m y  therefore  be  represented 
by a s ing le  value. Proceeding with t h e  analysis  from t h i s  point  leads  
t o  t h e  f i n a l  corre la t ion parameter ( v ~ / v ~ ) ~ '  65 (s/Dj) (w/Dj) f o r  t he  
upper-slope coeff ic ient  MU ( T ~ - T ~ ) / D ~  a s  shown i n  f igure  16. The 
f i n a l  corre la t ion parameter f o r  lower slope coeff ic ient  ML (T -TO)/D 
was found t o  be ( s / D ~ ) ~ * ~ '  as shown i n  f igure  17. 
Correlat ion of Maximum Temperature Rise Coefficient  
I n  t he  previous discussion of p r o f i l e  charac te r i s t i cs ,  t he  t e m -  
perature r i s e  a t  a given rake s t a t i on  was shown t o  be near ly  independent 
of jet-pressure r a t i o  f o r  a pa r t i cu l a r  j e t  diameter, j e t  temperature, 
and free-stream velocity.  The temperature r i s e  decreases s l i g h t l y  with 
decreasing pressure r a t i o  ( f ig .  2(a)  ) . Because the  flow coef f ic ien t  
a l s o  decreases s l i gh t l y  with decreasing pressure r a t i o  (reference 3 ) )  
t he  coeff ic ient  ATm/C ( T ~ - T ~ )  w a s  invest igated and found t o  be inde- 
pendent of density r a t i o ;  it was therefore  corre la ted with t he  remaining 
parameters. A fu r ther  simplif ication of the  analysis  resu l ted  when it 
w a s  found t h a t  A T ~ c  (Tj -TO) was independent of veloci ty  r a t i o  a t  a 
w 
' pa r t i cu l a r  rake s t a t i on  and j e t  temperature. A plo t  of A T ~ c  (Tj-TO) 
was therefore  made a s  a mnct ion of the  mixing distance t o  diameter 
- 
10 NACA TN 2466 
r a t i o  S / D ~  and an independent curve was obtained fo r  aach j e t  dia- 
meter. Further analysis of these data showed tha t  i f  the coefficient 
A T ~ c  (Tj -TO) was multiplied by the width coefficient ( w / D ~ ) ,  a 
single curve was obtained for  all j e t  temperatures a s  shown i n  f ig -  
ure 18. The maximum temperature-rise coefficient AT~W/[CD (T - T ~ ) ]  
i s  therefore a function only of the mixing distance t o  diameter ra t io .  
Comparison of Calculated and Experimental Profi les  
The correlation of the penetrations, slopes, and maximum tempera- 
tu re  r i s e  with the  flow and geometric parameters presented i n  the fore- 
going discussion provides a means fo r  obtaining an approximation of the 
temperature prof i le  . 
A number of prof i les  were calculated, based on the experimental 
conditions, and compared with the actual  profi les .  Some typica l  r e su l t s  
a re  shown i n  figure 19. A study of these figures shows tha t  the pene- 
t r a t ion  X1, the upper slope MU, and the temperature r i s e  aT, are  
i n  sat isfactory agreement with the experimental profi le .  The penetra- 
t ion  X2 and the lower slope ML show lesser  agreement because, as  
previously mentioned, good reproducibility of these data i s  d i f f i c u l t  t o  
obtain. In general, however, the approximate solution i s  i n  good agree- 
ment with the experimental data and provides a reasonably simple method 
f o r  obtaining the temperature profi le .  
Although the r e su l t s  presented i n  t h i s  report are  fo r  pressure 
r a t io s  greater than the choking value of 1.87, the investigation 
included data a t  pressure r a t io s  below 1.87. These data a r e  not shown 
in the curves because of the method of correlation used. An analysis 
of the l imited data obtained a t  the lower pressure r a t i o s  has shown 
tha t  by using the method presented herein, reasonably good agreement 
was obtained between the calculated and experimental prof i les  f o r  a 
range of jet-pressure r a t i o s  from 1.2 t o  1.87. A typical  example i s  
shown i n  figure 20. 
Boundary-layer removal was employed throughout the investigation; 
therefore the e f fec t  of boundary-layer thickness on the temperature pro- 
f i l e  was not determined. For most prac t ica l  applications, however, it 
is  probable tha t  the e f fec t  of boundary-layer thickness on the tempera- 
ture  prof i le  i s  q ~ i t e  small and need not be considered. 
EXTRAPOLATIOPJ OF RESULTS TO WIDER RANGE OF VARIABLE3 
The usefulness of the correlations previbusly given i s  res t r ic ted  
primarily by the range of variables investigated. It may be possible, 
however, t o  u t i l i z e  the r e su l t s  given outside the range of variables 
investigated and obtain reasonably good resu l t s .  
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For most pract ical  applications, the greatest  r e s t r i c t ion  of the 
method resu l t s  from the limited range of width coefficients invest i -  
-4 
gated. It should be obvious tha t  the effect  of width coefficient on 
the correlation parameters should decrease with increasing values of 
width coefficient and f ina l ly  become negligible f o r  a j e t  expanding 
unrestricted. 
For example, with a f ree  j e t  the important dimension would be the 
width of the j e t  boundary rather than the width of a duct. I f  the 
width of the j e t  boundary a t  the point of in te res t  can be determined,it 
should be possible t o  use a width coefficient based on the  j e t  width 
t o  determine the temperature profi le .  
Although no data a re  available on the spreading character is t ics  of 
j e t s  directed perpendicularly t o  an a i r  stream, there a re  some data i n  
the l i t e ra tu re  on the spreading character is t ics  of j e t s  directed paral- 
l e l  t o  an a i r  stream. Because a j e t  directed perpendicularly is  turned 
very rapidly by the a i r  stream, the expansion of a perpendicularly 
directed j e t  probably closely ap?roximates tha t  of a j e t  directed paral-  
l e l  t o  an a i r  stream. If  t h i s  assumption i s  made, the spreading charac- 
t e r i s t i c s  of a j e t  directed perpendicularly t o  an a i r  stream can be 
calculated by the method of reference 4. The r e su l t s  of reference 4 
were based on the turbulent mixing of an incompressible f lu id .  
The width of the j e t  boundary, as determined i n  reference 4, i s  
the momentum width rather  than the thermal width. The thermal width, 
however, can be simply pbtained from turbulent -mass and heat -exchange 
considerations, wherein the r a t i o  of thermal width t o  momentum width 
has been found t o  equal fi (reference 5). The thermal expansion of a 
f r ee  j e t ,  calculated on t h i s  basis,  i s  shown i n  figure 21where the j e t  
width coefficient WID i s  shown a s  a function of mixing distance t o  j 
diameter r a t i o  S / D ~  for  several velocity ra t ios .  
Before calculating the various parameters necessary f o r  obtaining 
the temperature profi le ,  it i s  advisable t o  f i r s t  determine the j e t  
width coefficient a t  the point i n  question. I f , f o r  the problem being 
considered, the j e t  width coefficient as  determined from f igure 2 1  i s  
greater than the duct width coefficient, the duct width coefficient i s  
the important parameter. I f  the j e t  width coefficient i s  l e s s  than the 
duct width coefficient, the j e t  i s  re la t ive ly  unrestricted and the j e t  
width coefficient becomes the important parameter and should be used i n  
the calculations. 
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CONCLUDING Fm4ARKS 
A method t h a t  provides a reasonably simple means of obtaining t he  
approximate temperature p r o f i l e  downstream of a heated-air j e t  d i rected 
perpendicularly t o  an a i r  stream has been presented. The solut ion i s  
presented i n  terms of dimensionless parameters of the  flow and t he  geo- 
metric conditions. 
Lewis F l i gh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, Apr i l  30, 1951 
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Figure 1. - Arrangement of orifice in plane parallel to air etream. 
(a) Typical profiles obtained at Il. 81- inch rake station for various jet pressure ratios. Orif ice 
diameter, 0.385 inch; jet total temperature, 860' R; free-stream velocity, 390 feet per second; 
free-stream total temperature, 519O R; free-stream static pressure, 25.80 inches of mercury. 
Figure 2. - Typical temperature profiles and generalization of profiles. 
v 
Temperature r i s e ,  AT, ?F 7Tj-@- 
(b) Generalization of p ro f i l e s  showing penetrations X1 and XZ, slopes and ML, and 
maximum temperature r i s e  ATm. 
Figure 2. - Concluded. Typical temperature p rof i l e s  and generalization of p ro f i l e s .  
Density rat io ,  pJ/pO 
Figure 3. - Variation of penetration coefficient x1/fl Dj with density r a t io  for  
several velocity rat ios .  Grif i ce  diameter, 0.385 inch; j e t  t o t a l  temperature, 
860° R; rake station, 4.81 inches. 
Velocity r a t i o ,  vJ /VO 
Figure 4. - var ia t ion of correlat ion parameter % with veloci ty  r a t i o .  Orifice diameter, 
0.385 inch; j e t  t o t a l  temperature, 860' R; rake s ta t ion ,  4.81 inch. 
N Figure 5. - Variation of penetration coefficient xI/& DJ with parameter (pJ/p0)0.57 (V j 0 for  A 
cn 
three m g  distance t o  diameter rat ios.  Orifice diameter, 0.385 inch; j e t  t o t a l  temperature, 860° R. cn 
I I I 4 1 1  I Z Z Z  4 1 
Figure 6. - Variation of correlation parameter cP2 with mixing distance t o  diameter 
r a t io .  Orifice diameter, 0.385 inch; j e t  t o t a l  temperature, 860' R. 
0.250 0.52 0.59 
.385 .57 .64 
.500 .72 .81 
.625 .82 .92 
Distance Velocity 
downstream r a t i o  
Parmeter ,  (pJ/pOla (s/& Dj) 0.26 
Figure 7. - Variation of penetration coefficient xl/& Dj with parameter 
( p  /P )a ( e l .  Dj)OeZ6 f o r  four o r i f i ce  di-ters. J e t  t o t a l  tempemtwe, J 0 
860' R. 
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Width coeff ic ient  , W/D~ 
Figure 8.  - Variation of density- and ve loc i ty - ra t io  exponents a and b 
with width coef f i c ien t .  
Width coefficient,  W/D~ 
J e t  t o t a l  Temperature 
r a t io ,  T ~ / T ~  
k 0 860 1.63 
Figure 9.  - Variation of correlation parameter cp3 with width coefficient 
f o r  various temperature ra t ios .  J e t  t o t a l  temperature, 860' R. 
0 
u 760 1.44 
0 660 1.27 i 
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b 
Parameter, m3 (pj/p0la (vj/VO)' ( 6 1 '  D ~ ) ~ . ~ ~  
Figure 10. - Variation of penetration coefficient xl/& Dj vith parameter 
v3 (pj/pO)a (vj/v0)' (s/& D ~ ) ~ . ~ ~  for various temperature ratios. 
Figure 11. - Variation of density-ratio exponent d with mixing distance t o  diameter r a t i o  f o r  constant values 
af width coefficient . 
Width coefficient,  w/~j 
Figure 12. - Variation of the velocity-ratio exponent e with width 
coefficient . 
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Width coeff icient  , W/D~ 
Figure 13. - Variation of r a t i o  of mixing distance t o  e f fec t ive  diameter 
exponent f with width coeff icient  . 
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Width coefficient, W / D ~  
Figure 14. - Variation of correlation parameter T4 with width coefficient 
for constant values of the temperature ratio. 
d f 
Figure 15. - Variation of penetration coefficient x Z f l  Dj Ylth flnal parameter 
temperature ratios. 
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Figure 16. - Variation of upper-slope coefficient %(T~-T~)/D~ with 
parameter ( v ~ / V ~ ) ~ . ~ ~  ( s / D J )  (w/DJ). 
Parameter, (vj/V0) 0.53 
Figure 17. - Variation of lover-slope coefficient ~(Tj-TO)/DJ with parameter 
(8/0J)1.25 (V j~o)0.53 for various jet total temperatures. 
I 1 I I I 1 Orifice J e t  t o t a l  I I ! diameter temperature 
D ( i n . )  Tj, (OR) J '  
0 0.250 860 
Miring distance t o  diameter rat io ,  S / D ~  
Figure 18. - Variation of n u b u m  temperature-rise coefficient A!lnw/c DJ(TJ-TO) vi th  mixing distance 
t o  diameter ratio. 
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Temperature rise, aT, 9 
(a) Orifice diameter, 0.250 inch; jet total temperature,860° R; jet pressure 
ratio, 3.36; free-stream velocity, 390 feet per second; rake station, 
4.81 inches. 
Figure 19. - Comparison of calculated and experimental temperature 
prof ilea . 
Temperature rise, AT, 
(b) Orifice diameter, 0.625 inch; jet total temperature, 860' R; jet pressure ratio, 2.10; 
free-stream velocity, 290 feet per second; rake station, 4.81 inches. 
Figure 19. - Continued. Comparison of calculated and experimental temperature profiles. 
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(c)  Orif ice  diameter, 0.250 inch; j e t  t o t a l  temperature, 860' R; j e t  pressure r a t i o ,  3.64; 
free-stream velocity,  390 f e e t  per second; rake s ta t ion,  20.31 inches. 
Figure 19. - Continued. Comparleon of calculated and experimental temperature p rof i l es .  
Temperature rise, AT, OF 
(d) Orifice diameter, 0.625 inch; jet total temperature, 860' R; jet pressure ratio, 2.85; free-stream velocity, 
230 feet per second; rake station, 20.31 inches. 
. 
Figure 19. - Concluded. Comparison of calculated and experimental temperature profiles. 
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Figure 20. - Comparison of calculated and experimental p r o f i l e  f o r  j e t  
operating a t  pressure r a t i o  l e s s  than choking. J e t  pressure r a t i o ,  
1.33; o r i f i ce  diameter, 0.625 inch; j e t  t o t a l  temperature, 8600 R j  
tunnel-air  velocity,  290 f e e t  per second; rake s ta t ion ,  4.81 inches. 
- - 
Mixing distance t o  diameter r a t i o ,  S / D ~  
Figure 21. - Variation of jet-width coefficient W / D ~  with mixing distance t o  diameter r a t i o  f o r  three  
veloci ty  r a t i o s  . 
